Abstract-The opportunity for the research in thermal modeling of power transformer is to estimate their loss of life due to overloading by employing the winding hot spot temperature (HST) and by carrying out aging studies based on heat transfer theory. This is facilitated by developing computational thermal models and their simulation using appropriate software tools. These models are employed to evaluate the actual functional age of transformers by estimating enhanced equivalent life at the reference temperature that will be spent over the specified time period for the given temperature cycle due to acceleration of aging. This paper presents a MATLAB/ Simulink based model for this purpose. The life determines the aging acceleration factor, which has been used for estimation of the loss of life of the transformer. Further, the effect of cooling for reducing the loss of life has also been studied. The proposed model has been validated using real time data gathered from a power transformer in field operation.
I. INTRODUCTION
The operational efficiency and the economic viability of power systems are governed largely by the functioning and the cost of its constituent power transformers. The reliability of power systems is adversely affected by the failure and maloperation of power transformers. These occur due to the failure of insulation caused by high stress under abnormal or critical operating conditions or in cases when heat generated in a power transformer is not dissipated efficiently by the surrounding medium. Generally, hot spots are developed in the power transformers when the heat dissipation is not uniform or effective, leading to thermal stress. This paper presents a technique for estimating the loss of life of transformer by modeling the thermal stresses that are responsible for the deterioration of their quality and performance and employing them to calculate accelerated aging. The most important factor among these is the hot spot temperature (HST), which is a major reason for the loss of life of transformer. The HST of a transformer primarily depends on the ambient temperature, the rise in the top oil temperature (TOT) over the ambient temperature and the rise in the winding HST over the top oil temperature. HST values for different load conditions can be estimated by considering appropriate Manuscript Dec. 10, 2015 . This work was supported in part by the Engineers at 400kV GSS, Surpura, Jodhpur (Rajasthan, India).
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computational model on the basis of the thermal characteristics of the transformer and the cooling system. This paper proposes a computational model that has been simulated on MATLAB/Simulink and that has provision for evaluation of the HST for every hour in a given load cycle. This is employed to estimate the aging acceleration factor. The percentage loss of life is predicted on the basis of these values. Further, by providing Oil Natural Air Forced (ONAF) cooling arrangement during peak load period, the saving in percentage loss of life is determined. The proposed model has been used to predict the loss of life of a 315MVA power transformer in operation at 400kV GSS, Surpura, Jodhpur (Rajasthan, India). After Introduction, the paper includes five more sections, that present the state of art, proposed methodology, algorithm, MATLAB/ Simulink model, results and discussion.
II. STATE OF ART
In order to overcome the abnormal operating conditions and to increase the transformer loading capacity, different calculation procedures for estimating the winding hot spot temperature with reference to load changes have been proposed by many authors.
The base of their work is primarily IEEE or IEC guidelines. IEEE Guide for Loading Mineral-Oil-Immersed Transformers [1] is applicable to loading mineral-oil-immersed distribution and power transformers, with different types of construction, along with special considerations for the degree of conservatism involved in the loading. This has paved the way for understanding and developing models for the simulation of thermal characteristics of power transformers as attempted in this paper. Hashmi et. al. [2] have performed the steady-state calculations using IEC guidelines to determine the hot spot temperatures of distribution and power transformers in the worst environment due to long summer periods. Amoda et. al. [3] have presented an investigation into the adequacy of the IEEE HST model, when the model parameters are to be determined from measured field data.
Shiyou et. al. [4] have analyzed the mechanism of thermogenesis and thermolysis of transformer along with the position of the hotspot temperature. Further, the calculation of the loss of insulation life of dry-type transformer has been carried out on the basis of HST. Silva and Bastos [5] have addressed the influence of simplifications to be made on the geometries of power transformers for the performance of thermodynamic simulations to diminish the computational time and to obtain the magnetic fields, temperatures and heat flow in the interior of the transformer. Humayun et. al. [6] have proposed demand response and dynamic thermal rating based optimization model for efficient capacity utilization and life management of transformers during contingencies. Kweon et. al. [7] have estimated the hot spot temperature in the power transformer by the optical fiber sensors and validated it by the conventional heat run test. Gouda et. al. [8] have introduced the HST and TOT based thermal model under linear and non-linear loads. Vanegas and Mahajan [9] have determined the thermal characteristics, load profiles and acceleration factor equation of an oil-immersed current transformer and compared the estimated and expected values of the aging acceleration factor. Dejan Suja et. al. [10] have presented an accurate temperature calculation method based on the thermal-electrical analogy that considers nonlinear thermal resistances at different locations within a power transformer. Yong Liang [11] has developed a graphical tool for predicting TOT using a semi-physical model to assess the effect of solar radiation and wind velocity on the prediction of TOT.
Muhamad et. al. [12] have investigated the effect of HST on the overall transformer temperature distribution and its effect on the heat dissipation to the surface of transformer tank, for condition monitoring purposes. Further, simulation of mineral oil-filled distribution transformer (ONAN type) has been done by using Finite Element Method Magnetism software. Longnv et. al. [13] have presented an accurate computational alternative for hot-spot temperature-rise estimations in a single-phase auto-transformer to compute the stray losses using finite-element method (FEM), along with the average surface convection heat transfer coefficients of the structural parts of the transformer. Radakovic et. al. [14] have developed a detailed thermal-hydraulic network model for determining the value of the hot-spot factor and the HST using FEM. Srinivasan [15] has proposed a semi-physical model comprising of variable environmental conditions for the estimation of HST in transformer and along with a MATLAB/Simulink-based valid model. Takami et. al. [16] have done an online monitoring of the transformer using FEMLAB and MATLAB software to estimate the HST of an oil-immersed power transformers.
In general, many simplifying assumptions have been made in the various proposed methods for calculating the HST of power transformers, as reported in the standards documentation and published literature. The aim of this paper is to develop a comprehensive computational methodology for thermal model of power transformer, for estimating accelerated aging factor and loss of life, along with ease of application offered by the MATLAB software.
III. PROPOSED METHODOLOGY
This section presents the salient features of the proposed thermal modeling of a three-phase power transformer by using MATLAB software and uses it to estimate the loss of life of the power transformer. The theoretical aspects of the estimation of loss of life are first described, followed by the algorithm.
A. Thermal Modeling of Top Oil Temperature Rise
The rise of top oil temperature over ambient temperature is an indication of continuous loading of transformer. An increase in the load increases the losses thus increasing the overall temperature. The rate of change of temperature depends upon the overall thermal time constant of the transformer, which in turn depends upon the heat capacity of the transformer, i.e. the mass of the core, coils, and oil, and the rate of heat exchange from the transformer. The change of top oil temperature is modeled as a first-order differential equation as follows [10] .
(1) where, T TO is the top oil time constant in minutes, ∆θ TO (t) is the top oil temperature rise over ambient temperature in o C, ∆θ TO (u) is the final top oil temperature rise in o C, and t is the time referenced to the time of the loading change.
Equation (1) is solved to obtain the following exponential response from the initial temperature state to the final temperature state [10] , ∆θ TO (t) = [∆θ TO (u) − ∆θ TO (i)][1 − e −t/T TO ] + ∆θ TO (i) (2) where, ∆θ TO (i) is the initial top oil temperature rise in o C. The final rise in the top oil temperature depends upon the load factor and can be approximated by the following equation:
where, ∆θ TO (r) is the full load top oil temperature rise over ambient temperature in o C, R is the ratio of load loss at rated load to no-load loss, K is the ratio of the specified load to rated load, n is an empirically derived exponent that depends upon the cooling method. The IEEE loading guide [1] recommends the use of n=0.8 for natural convection and n=0.9 to1.0 for forced cooling. The top oil time constant at the considered load is given by the following: T TO = 60 * C th−oil * ∆θ TO (r) q tot (4) where, q tot is the total supplied losses in W, and C th−oil is the equivalent thermal capacitance of the transformer oil in W-h/ o C. The equivalent thermal capacitance of the transformer oil is given by the following equation: C th−oil = 0.48 * M Oil (5) where, M Oil is the weight of the oil in kg.
B. Thermal Modeling of Hot Spot Temperature Rise
The increase in the transformer current due to losses increases the oil and winding temperature. The change of hot spot temperature is modeled as a first-order differential equation shown in Equation (6) (8) where, ∆θ HS (r) is the rated hot spot temperature rise over top oil temperature and m is an empirically derived exponent that depends on the cooling method.
The winding hot spot time constant can be calculated as follows: T HS = 2.75 * ∆θ HS (r) (1+P e ) * S 2 (9) where, T HS is the winding hot spot time constant in minutes at the rated load, P e is the relative eddy current losses (W), S is the current density in A/mm 2 at rated load. Finally the hot spot temperature is calculated by adding the ambient temperature, the top oil temperature rise over ambient, and the hot spot temperature rise over top oil. This can be expressed by the following equation [1] . θ H = θ A + ∆θ HS (t) + ∆θ TO (t) (10) where, θ A is the ambient temperature in o C and θ H is the ultimate hot spot temperature in o C.
C. Estimation of Equivalent Aging Factor
In oil-immersed transformers, paper or cellulose material along with oil forms the major insulation. Therefore, the insulation must maintain adequate dielectric strength against voltage surges and adequate mechanical strength against short-circuit forces.
As cellulose ages thermally in an operating transformer; three mechanisms contribute to its degradation, namely; hydrolysis, oxidation, and pyrolysis. The agents responsible for the respective mechanisms are water, oxygen, and heat. Each of these agents will have an effect on degradation rate so they must be individually controlled. Water and oxygen content of the insulation can be controlled by the transformer oil preservation system but control of heat is left to transformer operating personnel.
Transformer insulation life is defined as the total time period between the initial state for which the transformer insulation is considered new and the final state for which dielectric stress or short circuit stress could occur in normal service and cause an electrical failure.
Experimental evidence indicates that the relation of insulation deterioration to time and temperature follows an adaptation of the Arrhenius reaction rate theory that has the following form 
The equivalent loss of life (in hours or days) at the reference temperature in a given time period for the given temperature cycle is given as follows.
where, F EQA is the equivalent aging factor for the total time period, n is the index of the time interval, N is the total number of time intervals and F AAn is the aging acceleration factor for the temperature which exists during the time interval ∆t n .
D. Estimation of Percentage Loss of Life
The insulation per unit life curve is used to calculate percent loss of total life of a transformer. The normal insulation life at the reference temperature is defined in hours or years. The values of normal insulation life for a well-dried, oxygen-free system are given in Table I . (14) Further, by providing ONAF cooling arrangement during peak load period, the saving in percentage loss of life is determined. This can then be employed for the evaluation of residual life.
The algorithm for thermal modeling of the power transformer is now presented.
IV. ALGORITHM
Step 1: Initialize the input variables of transformer on hourly basis. This includes load factor K, total losses q (W), ambient temperature ∆θ A ( o C), OTI reading ∆θ TO (i) ( o C) and WTI reading ∆θ HS (i) ( o C) every hour in a given load cycle.
Step 2:
The rated values of rated top oil rise over ambient temperature ∆θ TO (r) ( o C), rated hot spot rise over ambient temperature ∆θ HS (r) ( o C), exponent n & m, weight of oil M oil (kg), current density S (A/mm 2 ), relative eddy current loss P e (W), ratio of load loss at rated load to no-load loss R.
Step 3: The different values of final top oil temperature rise ∆θ TO (u) ( o C) are determined by placing the values of K, R and n on hourly basis, using Equation (3).
Step 4: The different values of final hot spot temperature rise ∆θ HS (u)( o C) are determined by placing the values of K and m on hourly basis, using Equation (8).
Step 5: The top oil time constant T TO (mins) is determined with the help of Equation (4).
Step 6: The hot spot time constant T HS (mins) is determined with the help of Equation (9).
Step 7: The top oil temperature rise ∆θ TO ( o C) is obtained from the application of Equation (2).
Step 8: The hot spot temperature rise ∆θ HS ( o C) is obtained from the application of Equation (7).
Step 9: The hot spot temperature θ H during a day on hourly basis is calculated using Equation (10).
Step 10: The aging acceleration factor is obtained using Equation (12).
Step 11: The equivalent aging of the power transformer is calculated by using Equation (13).
Step 12: The percentage loss of life is obtained from the application of Equation (14) .
All the steps illustrated above, may be repeated for a load cycle that contains overload conditions during an hour for a day. The percentage loss of life thus calculated shows the amount of loss of life of transformer that can be used to estimate the reduced loss of life of the power transformer. Equation (2) and Equation (7) are solved using MATLAB program for determination of the top oil temperature rise ∆θ TO (t) and hot spot temperature rise ∆θ HS (t) respectively. At each discrete time interval of 60 minutes, the top oil temperature rise and the hot spot winding temperature rise are calculated.
The hot spot temperature θ H is the sum of ambient temperature, top oil temperature rise and hot spot temperature rise. The measured hot spot temperature θ H results for a 315MVA, 400/33 kV transformer during the given load cycle are then used to determine the residual life of the transformer.
VI. RESULTS & DISCUSSION
In order to validate the proposed model, data gathered under various load conditions from a real power transformer (315MVA) which are recorded in the month of January, have been used. In this study, work has been carried out in a power transformer situated at 400kV GSS, Surpura, Jodhpur substation. The specifications, cooling arrangements and temperature measuring equipments of the proposed power transformer are as shown in Table II , III and IV, respectively. The thermal behavior of the power transformer has been evaluated and verified using the top oil and hot spot temperature models. Results of these thermal models for a power transformer are discussed in the following section. The typical load factor, total losses, ambient temperature, OTI and WTI reading for a 315MVA, 400/33kV power transformer located at 400kV GSS, Jodhpur are shown in Table V. The normal load profile of the 315MVA, 400/33kV power transformer for 24 hours in winter season (January) is shown in Fig. 2 . It is clear from the Fig. 2 , that the maximum value of the load factor is 1.08 occurring at 03:00pm. The HST for every hour is evaluated by using a MATLAB program. The effect of heat dissipated due to various losses, i.e., constant and variable losses in a transformer on the useful life of a cellulose insulation material has first been estimated on a per unit basis. Cumulative loss of life has been calculated for varying load conditions with the understanding that one real day of operation will produce less or more aging than one day. Fig. 3 shows the graphical representation of the hot spot temperature for a day including the variation of the ambient temperature, the top oil temperature rise over ambient, and the hot spot temperature rise over top oil and the results are shown in Table VI Now, a peak load having load factor of 1.5 is applied to the same transformer for an hour during a day results in a rise of hot spot temperature. Again, the cumulative loss of life is predicted, which will produce aging greater than 24 hours. Table VII shows the result of loss of life due to the impact of peak load on the transformer. The graphical representation of transformer insulation life when a peak load having load factor of 1.5 is applied for an hour during the same day is shown in The normal insulation life at the reference temperature in hours is assumed to be 180000. The percentage loss of life is evaluated for different load conditions as shown in Table VII .
It has been observed that employing ONAF cooling arrangement during peak load period reduces the hot spot temperature to 135 0 C. The cumulative loss of life is now calculated again. This results in the saving in percentage loss of life as shown in Table VIII . The results obtained from thermal model may be used to estimate the residual life of the power transformer. The proposed model gives the approximate HST values that are in close agreement with the measured field data. It can be concluded that with the increase in the transformer temperature beyond thermal limits would reduce its life below the specified normal life.
Further, the study of insulation ageing is important, as it reduces both the mechanical and dielectric-withstand strength of the transformer. An ageing transformer is subjected to faults that result in high radial and compressive forces. Also, the conductor insulation gets deteriorated and becomes unable to sustain the mechanical stresses caused by a fault. Hence, it is the dominant factor in limiting the lifetime of the transformer. Providing proper cooling such as ONAF has great potential to save the percentage loss of life.
The thermal model proposed in this paper is dependent on the accuracy of estimated steady-state temperature rises. Therefore, it will be important to develop a variable time interval calculation method with estimation at smaller time intervals when there are dynamic changes in temperature and larger intervals when the steady state is achieved. However, further research and development is needed to improve the existing monitoring systems and introduce designs and applications that include better thermal modeling. These thermal models will allow the transformer manufacturers to provide better specifications and users to operate the transformers on appropriate loading by considering the ambient temperature conditions. 
